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Abstract 
Geologic CO2 sequestration in saline aquifers is an attractive option for GHG mitigation, but an associated risk is pressure build-
up in the aquifer, which could increase the probability of fracturing the seal or activating a fault. We report on a series of 
simulations to quantify this risk factor. This work also evaluates injectivity limitations from the “backpressure” at sealing faults, 
a potentially important factor in assessing the number of wells (and hence the cost) needed for storage. We simulate injection of 
CO2 at rates and durations appropriate for capture from coal-fired power plants. The target formations are deep saline aquifers 
partially confined by faults. We inject at fixed rate, subject to an upper bound on the injection pressure; none of the simulations 
shown here reach this threshold. Compositional (Peng-Robinson equation of state) simulations are carried out with CMG’s GEM 
reservoir simulator with different locations and geometries of sealing faults in aquifers, with several values of rock 
compressibility.  
 
We evaluate two parameters: CO2 injectivity vs. time, and pressure profile in the aquifer. From the latter we obtain a risk 
parameter defined as the location of a contour of 50 psi above hydrostatic. Such a parameter is suitable for inclusion in a 
Certification Framework for geologic storage (Oldenburg et al. [1]). A single sealing fault has little influence on injectivity as 
long as it is beyond the radial extent of the CO2 plume. Rock compressibility has negligible influence on injectivity and pressure 
contours. As the number or proximity of faults increases, the injectivity decreases slightly. In contrast to injectivity, contours of 
elevated pressures are sensitive to faults. They extend farther as the number or proximity of faults increases, increasing the area 
of influence and thus the risk of failure (seal fracture, fault activation) significantly. Thus well placement relative to known faults 
is an important design consideration. The effect of aquifer depth on pressure build-up due to injection is also investigated. The 
variation of fluid viscosity with pressure and temperature (brine viscosity is much more sensitive than CO2 viscosity) is the 
dominant effect on injectivity and pressure build-up. An important overall message is that contours of elevated pressure extend 
much farther into the aquifer than the CO2 plume itself. Thus risk assessment that focuses exclusively on CO2 may underestimate 
actual project risk. 
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1. Introduction 
An attractive and feasible option for GHG mitigation is underground geologic storage of CO2. To make an 
impact on the environment CO2 should be put away on the scale of gigatonnes per annum. In deep saline aquifers 
globally, the storage capacity is estimated to be as high as at least 1000 gigatonnes of CO2 (IPCC [2]). Storage is 
thus feasible; the focal point of research is to establish its environmental acceptability and its long-term security.  
A risk associated with injecting such large quantities of CO2 is pressure build-up in the storage formations. The 
elevation of fluid pressure affects the mechanical state of the formation and can lead to activation of faults, 
fracturing of the storage formation or fracturing of a bounding layer of rock. Besides the mechanical effect, pressure 
elevation can induce CO2 leakage within the CO2 plume and brine movement beyond the plume. A particular 
concern is vertical movement of brine, for example through a conductive fault or leaky wellbore, because this would 
introduce saline brine into less saline, possibly even fresh groundwater (Bruant et al. [3]). CO2 storage could thereby 
cause harm even if the CO2 remained securely immobilized in the formation. 
Pressure build-up in aquifers bounded by faults is larger than in unbounded aquifers, because the no-flow 
boundary causes the flow-field to become linear (parallel to the sealing fault) rather than radial (relative to injection 
well). Consequently the fluid pressure decreases linearly with distance from the injection well, rather than 
logarithmically. Thus any contour of pressure build-up (fluid pressure during injection less initial pressure in 
aquifer) extends farther into the aquifer. The presence of sealing fault(s) also restricts the movement brine displaced 
by the injection of CO2.  
To quantify the risk associated with pressure build-up, we assume that a value of tolerable overpressure (defined 
as pressure above hydrostatic in the formation) can be prescribed. In the examples shown below, this value is taken 
to be 50 psi above hydrostatic. In practice the tolerable pressure build-up could be chosen on a case-by-case basis, 
depending on the formation characteristics of the aquifer.  
Another potentially important effect of pressure build-up is the restriction it would impose on injection rates. 
Injection wells must be operated so that the bottomhole pressure remains below a safe threshold. The injectivity of a 
well (ratio of injection rate to difference between injection pressure and aquifer pressure) depends on the physical 
properties of the formation, the relative permeabilities of brine and CO2, and the solubility of H2O in the CO2 phase 
(Burton et al. [4]). Thus, if sealing faults increase the pressure in the aquifer during injection, the rate at which CO2 
can be injected may be reduced. This directly affects the number of wells needed for a target storage rate.    
To study these pressure build-up issues, compositional (Peng-Robinson EOS) simulations using CMG’s GEM 
simulator were carried out. Sensitivity analysis to the presence of fault, fault location and number of faults was 
performed. Similar studies on ‘closed’ system have been conducted (Zhou [5]). Sensitivity of aquifer pressure build-
up to rock compressibility as a function of porosity, calculated from various correlations is studied and its results 
presented (Jalalh [6]). We also consider the variation in viscosity of the fluids with depth. The present study assumes 
a homogeneous aquifer. The presence of short-scale structure will not significantly alter the observations. However, 
large-scale correlation, such as a high-permeability channel, will distort the pressure contours.   
2. CMG model description 
We establish as the "Basecase" a 3D aquifer model (20,000ft×20,000ft×500ft), partially confined by a no-flow 
boundary (a sealing fault) 5000 ft from the injection well. The injector is centered in the domain. A coarse 
40×40×40 grid is used, with a refined grid near the well. All simulations are carried out for an injection period of 30 
years at a constant injection rate of 80 MMSCF/d (§ 4450 tonnes/d) except in Case 7 (a shallower aquifer) where the 
injection rate is 74 MMscfd. The aquifer thickness is 500 ft. We find little effect of dip, so for simplicity all 
simulations in this paper are for horizontal aquifer (dip angle zero). The depth of the midpoint of the aquifer is 
10250 ft. Only one injection well has been used. Injection starts on 2000-08-01. All the faults are sealing. Large 
pore volume multipliers of 30,000 (keyword VOLMOD in GEM) are used on the boundary blocks (except the fault 
boundary) to simulate infinite-acting conditions (constant far field pressure), as shown in Fig. 1. The aquifer is 
homogeneous and isotropic, with porosity 0.25 and permeability 100 md. The reservoir temperature is 140°F, which 
corresponds to a small geothermal gradient of 8.1°F/1000ft. Hall’s correlation has been used for rock 
compressibility. A summary of the variations on the base case are listed in Table 1. The range of rock 
compressibilities used in the simulations is given in Table 2.  Pedersen viscosity correlation has been used. Land’s 
model has been used for permeability hysteresis. These correlations and the Peng-Robinson equation of state were 
fitted to data for CO2/brine by Kumar et al. [7]. 
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Table 1. Summary of Various Cases Studied 
Case 
Title 
Number of 
Faults 
Fault Location with 
Respect to Injector (ft) 
Depth of Top  
of Aquifer (ft) 
Correlation for  
Rock Compressibility 
Basecase 1 5000 10000 Hall’s 
Case1 1 2500 10000 Hall’s 
Case2 2 -5250, +5000 10000 Hall’s 
Case3 0 --- 10000 Hall’s 
Case4 1 5000 10000 Horne’s 
Case5 1 5000 10000 Modified Horne’s (Jalalh [6]) 
Case6 1 5000 10000 Correlation by Jalalh (Jalalh [6]) 
Case7 1 5000 5000 Hall’s 
 
Table 2. Rock Compressibilities Calculated from Various Correlations 
 Hall’s Horne’s Modified Horne’s Correlation by Jalalh 
Rock compressibility (1/psi) 3.26E-05 1.31E-06 5.15E-06 4E-06 
3. Results and Discussion 
A tolerable overpressure limit of 50 psi is used as a standard in the ensuing discussion. The spatial extent of this 
contour is a measure of the risk due to pressure build-up in the aquifer. After 7.6 y of injection, the contours of +100 
and +150 psi pressure elevation (above initial aquifer pressure) are circular, indicating that the fault is too far away 
to affect them. In contrast, the contour of +50 psi pressure elevation has a circular profile on the side opposite the 
fault but is deformed on the side near the fault, extending all the way to the fault. The contour becomes rectilinear as 
it approaches the fault, consistent with the onset of linear flow toward the top and bottom boundaries in the vicinity 
of the fault.   
The maximum lateral extent of the CO2 saturation plume at any time is assumed to be given by a saturation 
contour of 0.001 (as shown in Fig. 3). From Figs. 2 and 3, it can be seen that the CO2 plume extends to only around 
2500 ft laterally at the end of 7 years of injection in the Basecase, whereas the signature pressure contour has 
reached out much farther. Hence, the main concern as regards the "area of review" for risk assessment must be the 
extent of the contour of tolerable pressure elevation. This aspect is very important from a regulatory perspective, as 
it shows that during the injection period, monitoring the pressure build-up is a key factor to ensuring safe and 
effective underground storage of CO2. Figure 4 shows the propagation of the +50 psi pressure elevation with time 
during the first 7.6 y of injection. The contour is essentially stationary from 7.6 y to the end of injection (30 y). 
Figures 5 and 6 show the two views of the profile of CO2 saturation at the end of 7 years of injection for the 
Basecase. Preferential flow into the upper part of the formation is evident (cf. Kumar and Bryant [8]) but 
qualitatively this does not affect the pressure contours. 
In Fig. 7 the +50 psi contour extends as far as 4000 ft from the injector in the Basecase. Lateral extent of this 
contour is much less when there is no fault (black line in Fig. 7). Location of the fault with respect to the injector 
affects the pressure build-up. Higher pressure buildup occurs when fault lies closer to the injector (green curve, Fig. 
7). The presence of a second sealing fault at 5250 ft on the opposite side of the well causes the pressure profile to 
become linear far from the well, resulting in elevated pressures at greater distances from well. 
The effect of confinement on injectivity can be ascertained from Figs. 8 and 9. Since the injection rate is 
constant, the case that has the least bottom-hole pressure of injection has the highest injectivity. There is minor 
injectivity loss in a partially confined aquifer (Basecase, Cases 1, 2) as compared to a no-fault scenario (Case 3). 
Consistent with these observations, it can be seen from Figs. 8 and 9 that injectivity is greatest for the no-fault case, 
and decreases with increase in number of faults and with decrease in distance of fault from the injector. The 
injectivity losses are modest because the aquifer is only partially confined. The infinite-acting boundaries enable the 
aquifer to accommodate the injected CO2 with only small increases in injection pressure. 
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As the compressibility of the rock matrix increases, the pore pressure decreases, and consequently there is a 
decrease in the overpressure in the aquifer. From Table 2, Hall’s and Horne’s correlations (Basecase and Case 4 
respectively) give the largest and smallest estimates of rock compressibility respectively. From Fig. 10, it can be 
seen that the +50 psi contour extends slightly farther when Horne’s correlation is used, implying a higher pressure 
build-up which is consistent with the low rock compressibility, although this effect is small. Typical values of rock 
compressibilities in aquifers for geological CO2 storage range from 5×10-6 psi-1 to 5×10-5 psi-1. For this range, rock 
compressibility has little influence on the pressure profile. 
The effect of aquifer depth on pressure build-up is also investigated (Case 7, Fig. 11). Aquifers of shallower 
depths have cooler temperatures and smaller pressures. Consequently the viscosity of brine is larger and the 
viscosity of supercritical CO2 smaller in shallow aquifers, Fig. 12. However, the viscosity reduction of brine with 
depth is much greater than degree of increase for CO2, shown in Fig. 12 for two different geothermal gradients. This 
manifests itself in a greater pressure build-up in Case 7 as compared to Basecase. Hence, all else remaining the 
same, higher pressure build-up in a shallower aquifer is mainly due to the sensitivity of brine viscosity with depth. 
The injectivity of CO2 in Case 7 is 0.21 MMscfd/psi as opposed to 0.214 MMscfd/psi in the Basecase at the end of 7 
years of injection, which supports the above argument. Fig. 13 shows the injectivities of Basecase and Case 7 with 
time. The change in injectivity is only 2%, but the extent of the +50 psi contour changes 500 ft, or 12%. Thus the 
pressure elevation in the aquifer is much more sensitive than injectivity. The CO2 injection rate in Case 7 is 74 
MMscfd, as opposed to 80 MMscfd in Basecase. This maintains equal reservoir conditions injection rates at so that 
the pressure contours can be compared on the same basis. 
4. Conclusions 
x The contour of fluid pressure 50 psi above hydrostatic extends laterally to 4000 ft from the injector in 7 years 
in the Basecase as opposed to 3000 ft in the no-fault case, suggesting that partially confined aquifers increase 
fracture or containment risk. 
x The greater the number of sealing faults, the greater the linear (as opposed to radial) character of the flow 
field. This causes elevated pressures to propagate farther, all else being equal. 
x Rock compressibility, in the range for aquifers considered for CO2 storage, has little influence on pressure 
profile. 
x Depth of the aquifer for CO2 storage has a significant effect on pressure build-up during injection. Lower 
injectivity and higher pressure build-up are observed in shallower aquifers, with the greater viscosity of 
water (and hence lower mobility displacement) being the key cause for this. 
x Elevated pressure extends much farther than the CO2 plume, an effect that is amplified by partial 
confinement. The area in which pressure-induced hazards can occur may therefore be much larger than the 
area of the CO2 plume. A risk assessment framework should account for both hazards. 
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Fig. 1—Schematic of the reservoir, with boundary blocks having very large pore volume (pore 
volume multipliers = 30,000), in order to simulate infinite acting boundary conditions 
 
50
50
50
50
50
100
100
150
X coordinate (ft)
Y
 c
oo
rd
in
at
e 
(f
t)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
x 104
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
x 104
fault at
5000 ft
injector
 
0.001
0.001
50
50
50
50
50
0.001
0.001
50
50
50
50
50
X coordinate (ft)
Y
 c
oo
rd
in
at
e 
(f
t)
 
 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
x 10
4
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
x 104
CO2 saturation-2007
pressure contour (above hydrostatic)-2007
CO2 saturation-2004
pressure contour (above hydrostatic)-2004
injector
fault at
5000 ft
 
Fig —Contours of pressure above hydrostatic at time 2007-7-26 for 
Basecase 
Fig. 3—Comparison of lateral extents traversed by pressure contour 
of 50 psi above hydrostatic and CO2 saturation contour of 0.001 at 
different times (2004-10-29 & 2007-7-26) for Basecase 
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Fig. 4—Comparison of lateral extents traversed by pressure contour of 50 psi above 
hydrostatic at different times for Basecase 
 
 
 
Fig. 5—Vertical CO2 saturation profile at time 2007-7-26 for Basecase Fig. 6—Map view of CO2 saturation profile at time 2007-7-26 for 
Basecase 
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Fig. 7—Comparison of lateral extents traversed by the 50 psi above 
hydrostatic pressure contour at time 2007-7-26 for various cases 
Fig. 8—Comparison of bottom-hole pressure of injection for Basecase 
and Cases 1, 2, 3 
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Fig. 9—Comparison of injectivities for Basecase and Cases 1, 2, 3 
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Fig. 10—Comparison of contours of pressure above hydrostatic for 
rock compressibilities from various correlations. 
Fig. 11—Comparison of contours of pressure above hydrostatic after 
CO2 injection into aquifers at different depths (10250 ft to midpoint for 
Basecase; 5125 feet to midpoint for Case 7). 
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Fig. 12—Viscosity variation of CO2 and water with depth (geothermal 
gradients of 11°F/1000ft and 16.5°F/1000ft, and fluid pressure 
gradient of 0.433 psi/ft) 
Fig. 13—Comparison of injectivities of CO2 in aquifers at different 
depths 
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